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President-Professor WILSON SMITH, M.D., F.R.S. [October 17, 1950] The Evolutionary Approach to Problems of Infection PRESIDENT'S ADDRESS By Professor WILSON SMITH, M.D., F.R.S. FROM the outset the sciences of bacteriology and virology have been concerned very largely with the relief of human suffering and with the improvement of those animal and plant stocks required for man's needs and man's enjoyment. As a result there has been an undue emphasis upon bacteriological diagnosis based upon the precise characterization of the so-called xtiological agents of diseases. This in turn has led many medical men, including some pathologists and bacteriologists, to regard the host-parasite relationships of the various infective diseases as a series of associations between man, animal or plant host and one or other of a number of defined, stable, pathogenic micro-organisms. This is indeed the teaching, implied if not explicitly stated, of most textbooks of bacteriology; fortunately, students' textbooks of systematic virology have not yet appeared but probably they will follow suit in due course. Now, to anyone who makes a serious attempt to solve almost any problem of infection by the experimental method, such an outlook becomes wholly untenable. For routine diagnosis species definitions are, of course, essential, but the definitions are, at best, useful summaries of average behaviour and, at worst, descriptions of culture strains which have long passed into oblivion. I might describe in meticulous detail how I prepared concentrated staphylocoagulase ten years ago; I might even provide a descendant of the Staphylococcus strain which I used, but the chances that you could repeat exactly my experiences are extremely remote. Perhaps, the first lesson to be learnt by the research recruit in any biological science is that all living organisms possess amazing plasticity and constantly exhibit quite unpredictable behaviour.
This unpredictable behaviour is merely the outward and visible sign of evolutionary forces at work. Dissertations on the evolution of the bacteria and the viruses are most often concerned with the past and especially with origins. Speculations on these matters are full of interest but more important are the evolutionary changes which are going on now, ceaselessly and at remarkable speed, for it is these which are susceptible to experimental investigation and thus capable of providing clues for the solution of many fundamental problems. The tempo of evolutionary change in the bacteria and viruses must be kept clearly in mind if the potentialities of their effects upon infective processes are to be appreciated. If we accept as a reasonable estimate for many bacterial species a generation time of thirty minutes and for a man a period of twenty years, the whole span of man's evolution from his ape-like ancestors may be equated with an interval of about three months in the evolutionary history of the organism. Is it any wonder, then, that instability is such a striking characteristic of the bacteria and the viruses and can we any longer be surprised at the changing pattern of diseases, the multiplicity of strains of many species of infecting organism and the tangled skein of epidemiological phenomena?
My intention is to outline a few of the outstanding problems of infection in illustration of the type of problem which invites what may be termed the evolutionary approach, and to draw attention to some lines of work which, by adding to our knowledge of evolutionary processes, may eventually provide some of the answers.
OUTSTANDING PROBLEMS OF INFECTION
Variability of Specificity in Host-parasite Relationships.
One of the most interesting aspects of infection is the variability of specificity in the hostparasite relationships. A wide range of hosts or tissues susceptible to parasitization by a given micro-organism or by a phylogenetically related group of organisms connotes a history of past adaptations, the mechanism of which constitutes one of the great biological mysteries. Adaptability to environment is recognized as one of the chief characteristics of all living things, but the adaptations involved in specificities are dependent upon permanent and transmissible changes in the parasite and the tendency to exhibit such heritable changes varies enormously in different species. Thus tuberculosis is a natural disease of many animal species, whilst syphilis is a scourge for man alone. From a lifetime of study of the Salmonella, Bruce-White concluded that the scores of organisms comprising this genus must have had a common ancestry. This implies a remarkable series of adaptations from a single JAN.-PATHOL. 1 Proceedlingls of the -Royal Society of Medicie progenitor; adaptation to strict human parasitism for the production of S.typhi, to rodent hosts for S.typhi-inuriumi and S. enteritidis, to birds for S. gallitianu, to equines for S. abortus-equi and so on. On the other hand the Neisser-ia, as far as we know, are exclusively human parasites and, assuming a common progenitor for the meningococcus and the gonococcus, there has been no tendency through the centuries for adaptations to other host species. Similar contrasts are to be found amongst the viruses. Those of smallpox, alastrim and vaccinia show such close antigenic relationships that their common ancestry is unquestioned; indeed many workers would extend this phylogenetically related group to include all the pox viruses, whereas the agents of herpes of man, Newcastle disease of fowls. scrapie of sheep and many others appear to be incapable of enlarging host range either by the acquisition of new metabolic properties or by expansion into phylogenetically related groups.
Similar differences of adaptability are encountered in experimental work when the extension of the host range of a bacterium or a virus is often a matter of great practical importance. The failure to adapt some of the viruses of human diseases like measles, chickenpox and poliomyelitis to alternative hosts impedes research and, in some cases at least, is probably the chief obstacle to the conquest of the diseases in question. Another virus disease. mumps, is cited by Burnet (1945) as "the classical example of constancy of disease type through the centuries"; its description by Hippocrates showing that over 2,500 years ago it was identical with mumps as we know it to-day. Yet this virus, in spite of being such a strict and immutable human parasite in nature, can be experimentally adapted to the chick embryo with comparative ease. At the opposite end of the scale we have the influenza viruses. Table I shows the history of the many adaptations which have been induced in just one of the numerous strains isolated from human cases. All of these, however, have not been achieved with equal ease. One of them, namely the adaptation to growth in nervous tissue, the so-called acquirement of neurotropism, was difficult and has not been repeated in spite of persistent attempts by many workers, whilst others, like adaptation to growth in the chick chorio-allantois, rarely present any difficulty. However, even amongst very closely related A strains great differences exist in respect of the readiness with which they can be first isolated and of their adaptability to alternative hosts following the primary isolations. The reasons for such differences await elucidation. Possibly related to this kind of adaptability are the changes associated with attenuation and exaltation of virulence. In spite of whole symposia devoted to the subject of virulence, we still lack even general agreement on its satisfactory definition. The classical method for exalting the virulence of pathogenic bacteria is rapid passage through the particular host species in question; attenuation, on the other hand, is often achieved by serial cultivation in artificial media, particularly media devoid of native animal protein. But some pathogens fail to respond to such treatments and with others quite inexplicable sudden alterations occur. It is certain that there is more to it than the natural selection of chance mutants or the enhancement of particular metabolic processes and rate of growth by a particularly favourable environment. That such mechanisms do exist and that they do at times participate in virulence changes, there can be no doubt, but they are quite inadequate as an explanation of all the phenomena. Hirst (1947) showed that during adaptation of an egg-passage strain of influenza virus to mice, abundant growth of virus in the lungs might occur during a number of serial passages without any overt signs of infection or the production of any detectable pulmonary lesions. Then quite suddenly a change ensues so that further passages result in the production of fatal pneumonia. The same phenomenon was reported by Friedewald and Hook (1948) with a strain adapted to the hamster. For six passages virus grew freely without causing any harm but at the seventh pass there was lung consolidation and death. Thus the faculty of growing freely within pulmonary cells does not of itself confer virulence upon the virus. If natural selection of a chance mutant was the whole story, one would expect the reverse phenomenon to occur sometimes, namely the supplantation of a fully virulent strain in the mouse's lungs by a mutant devoid of virulence, but with even greater rate of growth. So far as I am aware no such happening has ever been encountered. If, however, environmental factors, in this particular case the host cell constituents, can determine the direction of parasitic evolution by participating in some way or other in the process of mutation, then the tendency for such one-way change in any particular environment becomes readily understandable. Variability of Antigenic Stability of Micro-organisms. The antigenic instability of some infective agents and the sharply contrasted stability of others are also phenomena of great interest awaiting explanation. Reference has already been made to what might be termed the infectivity stability of mumps virus and this appears to be associated with considerable antigenic stability. Yellow fever and measles are other cases in point and the techniques of immunization against these diseases are based upon the assumption, justified by long experience, that rapid antigenic variations are unlikely to complicate the issue. Compare this with the state of affairs found amongst the influenza viruses. The two major types A and B give practically no cross reactions in immunological tests although recent work in my laboratory indicates that they are almost certainly phylogenetically related. The A-prime type is obviously related to A though quite easily distinguishable. Both A and A-prime types, however, comprise a large number of strains exhibiting antigenic differences which, though of a minor character, may be sufficient to account for some of the irregularities of epidemiological behaviour and some of the difficulties of conferring protection by means of vaccination. So labile is influenza A virus in this respect that it is doubtful whether any two strains, isolated from different outbreaks, are completely identical and even from the same outbreak distinguishable viruses may be obtained. Among the bacteria the gonococcus exhibits something of the same sort of antigenic lability. I often think, however, that antigenic variation has received undue attention because it is the sort of variation which lends itself most readily to laboratory investigation. Indeed all the adaptations and variations we have considered so far may be regarded as manifestations of the plasticity of micro-organisms. They are, of course, very far from being the only manifestations of plasticity. Table 1I shows the range of variations which have been recorded in the case of influenza virus A, admittedly one of the most variable viruses known. In a recent lecture Andrewes (1950a) asked "Where are the viruses allied to the older WS and PR8 strains which caused our troubles between 1933 and 1946? Have their fuses all fizzled out?' I suggest that not only their fuses, but they themselves have fizzled out, just as current strains will fizzle out in a short time to be replaced by their evolutionary descendants and that this must be so with such plastic labile forms. The real problem is to find by what mechanisms an A-prime strain of 1949 developed from a typical A strain of 1933. Quite a number of specific questions arise out of these manifestations of plasticity. What is it which confers stability upon mumps virus and instability on influenza virus? Is it complexity of genetic substance, chemical composition of the virus proteins or texture of molecular structure? Does influenza virus contain chemical groups which are particularly reactive with other chemical substances found in various host environments? From what sort of precursor and at what stage of its evolution did mumps virus make its final jump to the present stable form? Why, with such ready experimental adaptability, does influenza remain a disease restricted to human beings? Is it possible that the virus does in fact adapt constantly to lower animals, but in so doing suffers changes which make it irrecoverable in its original detectable form, and may not some such adaptation to occult form provide the mechanism for inter-epidemic survival of the virus? One is perhaps emboldened to present such a speculation from having in mind the truly fantastic behaviour of swine influenza virus in the pig, the swine lung worm and the earthworm as elucidated by Shope (1941 Shope ( , 1943 .
Rickettsia-Proteus Relationships. For those with a taste for armchair theorizing adequate scope for its indulgence is offered by the relationship between Rickettsia, and Proteus. Routine laboratory diagnosis of several rickettsial diseases still rests upon the Weil-Felix reaction and Table III indicates the extent of the association based upon the sharing of common antigens. Now there are many examples of the sharing of common antigens by otherwise unrelated organisms, but to quote Topley and Wilson (1936) : "So long as only one antigenic type of Proteus X was known, paraagglutination afforded a satisfactory enough explanation, but now that we know ofat least two antigenic types of Proteus X, namely, OX 19 and OX K corresponding to two different types of Rickettsia, such an explanation is hardly tenable. If, that is to say, we regard Rickettsia and Proteus X as two entirely distinct groups of organisms, it is putting a strain on the imagination to expect that an antigenic variation in one organism should be accompanied by a corresponding antigenic variation in the other." In fairness I must add that this statement is not retained in the third edition of the book. Felix himself subscribes to the view that Rickettsix and Proteus are genetically related, one representing a variant of the other. Others have suggested the acquisition of new antigenic factors by Proteus from its close association with Rickettsike within the bodies of typhus patients. There is a certain amount of experimental evidence in favour of this hypothesis and some of the new lines of investigation, which I shall refer to later, indicate that such transference of antigens or genetic factors, far from being unique to the Rickettsice and Proteus groups, may represent an evolutionary mechanism of very wide applicability.
Epidemiology of Influenza.
The epidemiological behaviour of influenza viruses brings into sharp focus a number of evolutionary problems. The origin of epidemics still remains a complete mystery in spite of the enormous amount of knowledge about the viruses themselves which has been garnered over the past two decades. One of the most puzzling features is the multicentric origin of outbreaks. Magrassi (1949) in his account of the Sardinian epidemic of 1948 reports the simultaneous appearance of the disease in ten centres with a case incidence of about 60%. He considers it impossible to account for the phenomenon by transportation of virus from centre to centre during the epidemic period and describes how shepherds isolated in open country came down at exactly the same time as the people living in communities. This, of course, is not an isolated instance-the same sort of thing has puzzled epidemiologists for years and has led many virologists to accept the theory that populations are seeded in interepidemic times with a virus which remains dormant until wakened into activity by some stimulus. Shope's work does indeed provide a little experimental evidence in favour of this theory, but the nature of the excitation factor in human influenza is completely unknown. Whatever it may be, it must be capable of inducing the same specific virus mutation simultaneously in the bodies of widely scattered individuals and to harmonize with such a concept the orthodox view of mutation as a purely random occurrence will obviously need drastic modification.
Much easier to accept is the concept of widespread infection with a dormant virus which only occasionally here and there, owing to chance stimuli, individual idiosyncrasy, secondary infections and so on, becomes activated to produce cases of disease of a sporadic nature. Indeed we know that this can and does occur as, for instance, in the case of the virus of herpes. But in this case the evidence indicates that the virus always begins its association with the human host as an overt pathogen. Are there instances of virus-host association which begin and often remain as purely harmless symbiotic relationships? Such a question at once calls to mind the Bittner Milk-factor which some virologists accept unequivocally as a virus, and which, in any case, constitutes one of the most cogent arguments in favour of what, for convenience, may be termed the virus theory of cancer. The reconciliation between the demonstrable virus vtiology of some neoplasms, like the fowl sarcomata and rabbit papillomatosis, and the complete failure to extract any similar infectious agents from most of the mammalian neoplasms is one of the outstanding problems of infection. Apart from the failure to transmit cancer by means of cell-free material, the histological diversity of the neoplasms presents perhaps the major objection to the virus theory, for the idea of a large number of different cancer viruses, all very widely seeded through the population and all remaining dormant in the majority of individuals puts too great a strain upon the imagination. Andrewes (1950b) suggests that the postulation of such a large number of cancer viruses is unnecessary as the same effects could be produced by a single basic prototype virus capable of mutating to produce different type tumours in different tissue environments. To my mind, in view of the frequency of some types of cancer, this puts an equally great strain on the imagination unless one accepts the possibility of environmental factors, not merely favouring a chance mutant, but controlling in some way the actual direction of mutation.
The theory that a somatic cell mutation provides the continuing cause of cancer is regarded by Andrewes as "the main visible alternative to the virus theory" (1 950b). It is perhaps presumptuous of one who has never worked in the field of cancer research to express any opinion on such matters, but it seems to me that the two theories are not necessarily alternatives, but can be fused into a single hypothesis which, though admittedly a pure speculation, has at least the merit of resolving some of the difficulties inherent in either alone. The Origin of the Viruses.
In his stimulating book "Virus as Organism" Burnet (1945) puts forward three possibilities: that the viruses arose as pathologically active fragments of animal or plant cells; that they are surviving descendants of primitive precellular forms of life; that they are the degenerate descendants of the larger pathogenic micro-organisms. Burnet strongly favours the last of these, but to me this hypothesis has always seemed both an over-simplification and intellectually repugnant by running counter to what appears to be the general trend of evolutionary development, namely the ceaseless trend towards increased organization. I am quite prepared to believe in retrograde evolution for isolated cases and I have no difficulty in accepting the origin of a complex virus like vaccinia by such a mechanism, but I suggest that it is stretching the theory of evolution by progressive enzyme loss rather far if we use it to explain the origin of plant viruses consisting of crystallizable nucleo-proteins.
In rejecting categorically a fourth possibility, namely heterogenesis, Burnet says: "We can state dogmatically that there is no evidence whatever that any virus, whether its host be animal, plant or bacterium, arises de novo. Every virus particle like any other organism derives by genetic descent from some similar particle." With the first of these sentences one must perforce agree-there is certainly no positive evidence of the occurrence of heterogenesis-but with the second one may take issue. The trouble is that, like the continuous creation of matter recently postulated by Hoyle (1950) , the creation of living from non-living material can never be detected in action. Possibly the most fundamental of all the attributes of living entities is their power of self-replication, so that once the decisive step of transformation from lifeless molecule to self-replicating molecule has been made, the latter will inevitably display biogenetical reproduction whenever and wherever it is detected.
EVOLUTIONARY MECHANISMS OF MICRO-ORGANISMS
Each of these problems stems from our ignorance of the evolutionary mechanism of microorganisms. The orthodox view that the sole determinant factor in evolutionary development is natural selection working upon mutants produced entirely at random fails to provide an adequate basis for ratiocination. The mere definition of some of the problems suggests the existence of alternative mechanisms in which environmental factors play a part in the acquisition, conservation and modification of heritable characteristics. It is easy to understand how injuries to the germ plasm by physical agents such as X-rays or nitrogen mustard might produce mutations by loss without any participation of environmental factors, but how are the mutations by gain achieved which are required in order to increase the range of the organism's activities as it evolves to higher grades of complexity? Relevant knowledge is very scanty, but the results of much recent experimental work are extremely suggestive.
65s
Proceedingqs of the Royal Society of Medicine Until very recent times the apparent absence of any sexual conjugation in the bacteria and viruses led to the almost universal acceptance of the tenet that reproduction in these micro-organismal forms occurred exclusively by binary fission. When I first took up the study of bacteriology any suggestion that bacteria might possess preformed elements analogous to mammalian chromosomes and mammalian genes was frowned upon as dangerous heresy. The few cases in which bacterial nuclei had been demonstrated were passed over as relatively insignificant exceptions. During the last few years, however, such structures have been unequivocally demonstrated in many species, including some of the common human pathogens. In this country Robinow (1942, 1944) has introduced new cytological techniques for the differential staining of chromatinic material in both sporing and non-sporing bacteria and found that different species possess their own characteristic arrangement of such material. Furthermore, the chromatinic bodies are shared out equally between the daughter cells during the process of cell division and are conserved through the resting phase of sporulation.' Numerous workers in other countries have obtained similar results which, when taken together, provide complete refutation of the chief criticism that such appearances are due to artefacts. Mudd and Smith (1950), for example, in U.S.A. have demonstrated in E. coli by means of both electron and light microscopy, vesicular nuclei of characteristic shape, containing chromatin and of lower density than the enveloping cytoplasm. With regard to the viruses, all contain nucleo-protein and many of them reveal a chemical composition which relates them more closely to the nuclear protoplasm than to the cytoplasm of the cells of higher forms of life.
There is thus little doubt that the bacteria and viruses possess the kind of material used for the transmission of hereditary characteristics by sexually conjugating organisms. Is there any evidence that they possess also a mechanism for the interchange of such material between individuals of different clones which would substitute to some extent for sexual conjugation? Type Transformation.
It is now over twenty years since Griffith (1928) first reported the transformation of pneumococcal types and passage of time has but served to emphasize the fundamental importance of his work. The transforming principle is a desoxyribosenucleic acid-one should speak rather of transforming principles for several have now been isolated from different pneumococcal types which, although quite indistinguishable by the available methods of chemical analysis, nevertheless exhibit high degrees of specificity of biological activity. The supreme importance of this work lies in the fact that it affords clear proof that living cells may take up from their environment preformed genetical material and incorporate it in the gene substance so that henceforth it is replicated as an integral component, indeed as one of the most important components, of the organism. Any agent which depolymerizes the nucleic acid destroys the biological activity of the transforming principle so that one wonders whether depolymerization and repolymerization of genetic material occurring in nature may not occasionally be the cause of spontaneous variations and adaptations. Pneumococci do not provide the only case of transformations of this nature; there have been several claims of analogous phenomena in respect of other bacterial species and the remarkable conversion of rabbit fibroma virus into myxoma virus by Berry and Dedrick (1936) was achieved by a similar technique and is probably based upon a similar mechanism.
Of course, such transformation by means of preformed genetic substance is a far cry from purposive modification of genetic processes by chemical means. As Ephrussi-Taylor (1950) puts it: "One should not conclude that we have finally acquired control over the biological properties of a genetic substance, for we have not yet influenced the properties of the gene-like transforming agents themselves nor have we created a genetic element de novo." In the last analysis, however, all mutations and variations of activity depend upon differences in chemical structure and I believe that we are now on the threshold of achieving such purposive control. The relation between chemical structure and mutation was beautifully demonstrated by Stanley (1943) in his studies on the multiple strains oftobacco mosaic virus. Each of these viruses is apparently a pure nucleo-protein; each gives distinctive symptoms in the leaves of Turkish tobacco plants; each represents a mutation from a progenitor virus. The nucleo-proteins of the various strains have the same general properties but exhibit differences in respect of the relative percentages of certain amino acids. One of them, Ribgrass virus, contains an amino acid, histidine, which is absent both from the parent strain and from all the other variants. It is difficult to see how enzyme systems involved in the synthesis of an entirely new amino acid can have been acquired without incorporation of new genetic factors. Stanley and his co-workers have attempted the in vitro mutation of tobacco mosaic virus by chemical means and although failing to induce heritable changes have succeeded in modifying virus activity by means of known and reproducible changes in chemical structure. Stanley himself appears to have no hesitation in attributing a determinant role to environmental factors. He says: "Unusual environmental factors such as might be provided within the cells of an unnatural host, or factors yet unknown, may affect the process of virus reproduction so that, instead of the 66 6 continuous production of exact replicas, there are produced occasionally similar yet slightly different active molecules." Bacterial and Viral Recombination.
Let us now consider the evidence for the existence of mechanisms, other than sexual conjugation, which may provide a means for interchange of genetic factors. Employing the basic techniques and ideas evolved by Beadle, Tatum and others for the study of induced mutation and recombination of genetic elements in the heterothallic fungus, Neurospora crassa, several workers have adduced evidence of similar recombination in bacterial cultures of mixed clones. Investigations of such a nature are up against the difficulty of distinguishing between recombinants and mutants arising spontaneously, but favoured by the given environmental conditions. One must admit that some of the claims put forward are not beyond criticism in this respect. Recent work by Lederberg (1950) , however, appears to leave no alternative to the recombinant hypothesis. He derived from a strain of E. coli two sub-strains which showed a wide variety of genetic differences. These are summarized as the relevant characteristics of the two parent strains A and B in Table IV . In respect of their resistance to two antibiotics and to a phage T5, and the nutritional requirements and sugar fermentations listed, A and B are exactly complementary. It is important to realize that each characteristic is determined by a separate gene and furthermore that it is extremely rare for spontaneous mutation to affect more than one gene at a time. Thus a derivative of A possessing only one character changed to the B type or vice versa may be due either to a spontaneous mutation or to genetic interchange, but a derivative strain exhibiting multiple characteristics of each parent type is almost certainly the result of genetic recombination. The fact that the parent strains had complementary drug resistance to the two antibiotics, streptomycin and sodium azide, facilitated the isolation of recombinant organisms. After growing the parents together for some hours in ordinary nutrient broth the mixed cultures were explanted in streptomycin-azide agar so that growth of all the organisms which had remained true to parent type was inhibited.
Lederberg reports the characteristics of 98 clones obtained in this way, but in Table IV I have shown only those offering the most convincing evidence for recombination. Seven clones were indistinguishable from either one or other parent except for their double drug resistance and these may legitimately be accepted as mutants. The remainder showed mixed A and B characters indicative of genetic recombination. This does not, of course, reflect the proportional tendency to mutation vis-a-vis recombination, for all mutants other than those acquiring double drug resistance would fail to grow in the explant medium. It is noteworthy that very poor yields of recombinants were obtained if the parent cultures were simply mixed together immediately before plating out; as one would expect, the mechanism of genetic interchange is probably only operative during the growth cycle of the organisms. How the exchange is effected, whether by fusion of two or more cells with subsequent division or by a disintegration of cells into subcellular units with subsequent recombination, we do not know. It is probable that the mechanism of different species follows different patterns, for in some species fusion of two cells analogous to the sexual conjugation in heterrothallic fungi has been reported, in others the formation of a syncytium, in Phytomonas tumefaciens the fusion of the chromatinic contents of many individual bacilli joined together at their tips and so on. The crucial fact is that such genetic interchange provides bacteria with the means of acquiring new genetic elements. Nor is it impossible that the new elements may be acquired elsewhere than from other bacteria of the same species. The cytological observations of Luria and Human (1950) on E. coli infected with T phages revealed a disruption of the chromatinic bodies of the bacilli followed by swelling of the cells and their filling up with granular chromatin. These authors suggest that with phage infection the bacterial genes are replaced by phage genes as the directive agents for further protein synthesis.
In those bacteria which are destined to undergo death by lysis production of bacterial protein may be entirely replaced by production of phage protein but in the wide range of phenomena involved in bacterium-phage associations, including constant phage mutations and the induction of bacterial lysogenicity, it seems to me that there is some justification for the belief that exchanges of genetic material between the two classes of organism may occur.
Lysogenicity indeed offers one indisputable example of mutation conditioned by the interaction of a micro-organism with its environment.
Amongst the phages themselves recombination has also been shown to occur. The simultaneous growth of two related phages in the same bacterial cell may result in the production of a new phage having characters acquired from each of the two progenitors. The simplest explanation is that there has been an exchange of genes. In the phage T2 a different mechanism has been demonstrated, namely a separation of the gene structure and its recombination into a new pattern resulting in changed properties of the organism.
The only published work on recombination of animal viruses of which I am aware, is that of Burnet and Lind (1949) with strains of influenza A virus. Burnet gave an account of these investigations during his recent visit to this country, and 1 would like to outline the salient points. The isolation of a neurotropic strain of influenza virus by intracerebral passage through animals has been achieved once only by Stuart-Harris in spite of numerous attempts by other workers. This indicates that the mutation involved is a rare mutation unlikely to occur by chance except very occasionally. The neurotropic strain kills mice uniformly at about a week's interval after its inoculation into the brain whereas all other strains are innocuous when so inoculated. Burnet and Lind studied the interference effects between this strain and others which are clearly differentiated by their antiganic structure and certain other characteristics such as htemagglutinin thermolability. From mice inoculated with virus mixtures in which symptoms of encephalitis were delayed by the interference effect, strains were recovered frequently which possessed neurotropism together with other characteristics peculiar to the non-neurotropic virus. In this case it is even more difficult than in the case of bacterial recombinant experiments to exclude the possibility of derivative strains being mixtures, but Burnet is quite convinced that this is not the explanation of his findings.
Passage through batches of eggs at limiting dilutions provides an in vivo technique analogous to the plating out of bacterial cultures for the isolation of single colonies. With mixed virus strains this would be expected to lead to the recovery of one type from some of the eggs of a batch and the second type from other eggs. Burnet and Lind, however, found that with their recombinant strains all the positive egg fluids of a batch showed the same assortment of marker characters. Moreover each of the recombinants obtained shows at least one character not shown by either parent. It is suggested that during the early phase of cell infection a breakdown of the viruses into sub-units occurs followed by their recombination in different patterns to give once more fully formed, infective, elementary bodies. There is indeed a considerable weight of evidence to support the view that such breakdown and re-aggregation forms part of the normal growth cycle of influenza virus. Hoyle (1948) claims that virus inoculated into the allantoic cavity of the chick embryo is taken up by the cells lining the cavity to be converted into a non-infective and non-hxemagglutinating form which multiplies before being reconverted into the normal infective and haemagglutinating virus. He found that large amounts of so-called soluble antigen are produced before the egg-fluids become infective and thinks that this antigenic material may represent the preinfective phase of the virus. Similarly the Henles (1949) demonstrated a regular sequence in the development of various types of virus activity within inoculated eggs-first a rise of complement-fixing activity, then a rise of haemagglutinating activity and subsequently a rise of infectivity titre. It is extremely significant that degradation of virus by ultraviolet light follows the sequence in reverse order. Cytoplasmic Primers. Although pertaining to an entirely different class of organism, namely Paramwciunm aurelia, recent work on the so-called plasma genes or cytoplasmic primers is germane here because it has brought to light convincing evidence that heritable characters may be determined by the interaction of nuclear genes and cytoplasmic substances. Some strains of paramoecium, known as killer strains, render the nutrient fluid in which they are grown lethal for non-killer strains. The characters, killer and non-killer, are thus alternate characters and it has been shown that they depend upon a pair of allelic genes K and k, together with a cytoplasmic factor kappa, K being dominant for killer character. The various possibilities of genetic combination are shown in Table V . Sonneborn (1945) has been able by appropriate techniques to obtain each variant for study. In mating there is usually an exchange of nuclei but no cytoplasmic interchange, but under certain conditions cytoplasmic interchange does occur so that kappa may be introduced into organisms with the genetic combination kk. Such strains, with the two recessive genes plus kappa, act as killer strains for a few fission generations until all detectable kappa is lost whereupon they revert to ordinary non-killers. Introduction of kappa into organisms 68 with either two dominant genes or one dominant and one recessive on the other hand converts these into permanent killer strains. Thus it appears that kappa alone determines the killer character as such, but that K is essential for its synthesis. Most significant of all is the fact that the dominant gene K can not initiate the synthesis of kappa; some kappa must be present in the cytoplasm before K can fulfil its function of synthesizing more of it. Hence the name cytoplasmic primer, from analogy with the necessity of priming certain types of pump at the start of pumping operations. The similarity of kappa behaviour with that of many viruses is striking. The hypothesis accepted by Sonneborn and supported by further direct experimental evidence-which must be passed over for lack of time-is as follows.
The macro-nuclear gene K can combine with kappa drawing it into the nucleus from the cytoplasm. If sufficient kappa is present some remains in the cytoplasm, conferring killer character, but kappa combined in the nucleus is inactive. Normally kappa is released into the cytoplasm of a killer strain from the macro-nucleus when it disintegrates into micronuclei at the time of fertilization. The implications are that kappa, when combined with K, becomes an integral part of the gene, the role of K being to reproduce both itself and whatever is combined with it.
THE POSSIBILITY OF GENETIC INTERCHANGE BETWEEN HOST AND PARASITE f have been able in the time available merely to sketch in bare outline just a few of the many experimental investigations which are rapidly extending our knowledge of the mechanisms involved in the hereditary transmission of characters. These few alone, however, provide fairly conclusive indications that environmental factors may participate directly in such mechanisms, that gene interchanges may occur between bacterial cells or between virus elementary bodies, that dissimilar organisms such as bacteria and their phages may share in a genetic shuffling and that cytoplasmic constituents in combination with nuclear elements may play an essential role in hereditary transmission, in addition to fulfilling their functions as separate entities. All these mechanisms are of obvious significance in the type of infection problem which I illustrated earlier. For example, it is much easier to explain the sudden production of a pandemic influenza virus, with its extraordinary communicability, increased growth rate, increased toxicity, increased invasiveness and peculiar antigenic constitution by the process of genetic interchange between two or more progenitor strains than by a single-step chance mutation or even a sequence of such chance mutations. Again the general trend of evolutionary development towards higher organization is not difficult to understand on the basis of the recombinant hypothesis. There remain, however, certain phenomena of infection for which the various hypothetical mechanisms so far mentioned appear to be inadequate. With great trepidation, and merely as an armchair speculation quite devoid of factual supporting evidence, I suggest that genetic exchange or genetic combination may occur between some micro-organisms, especially the viruses, and the cells of their animal hosts, including man. At first thought, all our knowledge concerning the strict species specificity of sexual reproduction, the non-antigenicity of homologous tissue proteins contrasted with the profound effects of the inoculation of heterologous protein, the incompatibility of dissimilar blood cells and so forth appears to militate against the possibility of any such genetic intercombination. One must remember, however, that fundamental similarities as well as differences exist in widely separated species and genera. Some of the basic mechanisms of metabolism are similar or even identical in widely divergent forms of life. All living organisms require the same score or so of amino acids and employ closely similar enzymes and chains of enzyme reactions for their synthesis. For example the Ornithine cycle in Neurospora is very similar to the cycle in the mammalian liver postulated by Krebs and Henseleit (1932) .
Furthermore, the many similarities between certain viruses and genes, each consisting of nucleo-protein, have led to the postulate that the viruses may in fact be aberrant genes which have released themselves from the controlling forces which normally retain them within the chromosomal organization. Be that as it may, the intimate association of the genetic substance of virus and host cell in the various phases of cell parasitization must provide unique opportunities for genetic shuffling. Whilst the virus is passing through the cycle of its reproduction, the cell is being subjected to the disruptive forces of infection. The genes of both are known to be susceptible to the same type of injurious agents and to 9 69 10 respond to some of them by an increased mutation rate. A mutation often consists simply of a rearrangement of atoms in the molecule and as Schrodinger (1948) has said: "It would be absurd to exclude the possibility of any exchange with the environment." How far would a mechanism of genetic interchange between host cell and parasite could it be shown to occur-help to elucidate unsolved problems of infection? The possibilities thus opened up are almost endless. A few of the problems which may be profitably reconsidered along these lines are:
(1) The origin of new viruses.
(2) The contrast between the extreme lability of some viruses and the stability of others.
(3) The relationship of influenza mutants to epidemiological phenomena.
(4) The variability of infective agents in respect of their adaptability to new hosts and new tissues. (5) Exaltation and attenuation of virulence. (6) The antigenic constituents of influenza viruses which appear to derive from the hosts in which they are propagated. (7) The genesis of neoplasms. About this last I would like to add a little. It has been said that the difficulty about discovering the cause of cancer is that we know too much about the causes of cancer. It is a paradox with much underlying truth. The urgent need is for the revelation of a synthesizing factor which would relate the several different causes into a comprehensive xetiological ,mechanism. Cell-virus genetic inter-combination, along lines somewhat similar to the Kkappa association in Paramatcium, giving rise to a cell mutant with the character of unrestrained cell growth, would go far towards providing such a synthesis. It would weld together the virus theory and the cell mutation theory considered by Andrewes to be the only reasonable alternatives; it would resolve the chief difficulty of the present virus hypothesis presented by the histological diversity of neoplasms; it would provide a reasonable role for the many carcinogenic agents of diverse physical and chemical nature and it would account for the variable behaviour of neoplasms in respect of virus filtrability.
My usual advice to the young research worker who comes to me with some attractive hypothesis is to devise an experiment which will put it to the test. Some at least of the speculations which I have put forward possess the merit that they are open to the experimental approach. Thus it would be worth while attempting the production of a new Proteus strain, related say to Rickettsia burneti by manipulating both agents together in the chick embryo and attempting to isolate Proteus mutants by agglutination with anti-rickettsial serum. Or a new strain of influenza virus capable of epidemic spread in ferret colonies might evolve in animals infected with multiple strains. My hope is that something I have said here may lead some young worker to undertake investigations of such nature and it will matter not one jot if the results of his experiments demolish completely the hypothetical structures from which they took origin.
